Inflammation is a major factor shaping outcome during the early, acute phase of traumatic spinal cord injury (SCI). It is known that pro-inflammatory signaling within the injured spinal cord drives pathological alterations in neurosensory processing and shapes functional outcome early after injury. However, it is unclear whether inflammation persists into the chronic phase of injury or shapes sensory processing long after injury. To investigate these possibilities, we have performed biochemical and behavioral assessments 9 months after moderate thoracic spinal contusion injury in the rat. We have found that levels of the pro-inflammatory lipid mediators leukotriene B4 and prostaglandin E2 are elevated in the chronic spinal cord lesion site. Additionally, using metabolomic profiling, we have detected elevated levels of pro-oxidative and inflammatory metabolites, along with alterations in multiple biological pathways within the chronic lesion site. We found that 28 d treatment of chronically injured rats with the dual COX/5-LOX inhibitor licofelone elevated levels of endogenous anti-oxidant and anti-inflammatory metabolites within the lesion site. Furthermore, licofelone treatment reduced hypersensitivity of hindpaws to mechanical, but not thermal, stimulation, indicating that mechanical sensitivity is modulated by proinflammatory signaling in the chronic phase of injury. Together, these findings provide novel evidence of inflammation and oxidative stress within spinal cord tissue far into the chronic phase of SCI, and demonstrate a role for inflammatory modulation of mechanical sensitivity in the chronic phase of injury.
Introduction
Inflammation plays a major role in shaping the pathophysiology of spinal cord injury (SCI). Acute inflammation, occurring hours to days after the initial injury, contributes to glial scar formation (Fitch et al., 1999) , cytotoxicity (Alexander and Popovich, 2009) , and sensitization of neural pathways . Inflammation is also thought to be important for regeneration of injured CNS axons (Benowitz and Popovich, 2011) , underscoring the complexity of the inflammatory response within the injured spinal cord. In contrast to what is known about acutephase inflammation, relatively few studies have focused on characterizing the spinal cord molecular milieu beyond 1-2 months postinjury. Recent findings that peripheral immune cells and activated microglia are present within the spinal cord up to 1 year after injury (Fleming et al., 2006; Beck et al., 2010; Byrnes et al., 2011) raise the possibility that neuroinflammation following SCI may not be transient, but may in fact continue into the chronic phase of injury.
Oxidative arachidonic acid (AA) metabolism is a major hallmark of neuroinflammation (Farooqui et al., 2007) . Following its release from the cell membrane by activated neuronal phospholipase A2 (PLA 2 ), AA is metabolized via cyclooxygenase (COX) and 5-lipoxygenase (5-LOX) into the prostaglandins (PGs) and leukotrienes (LTs), respectively (Liu and Xu, 2010) . These bioactive lipids are potent mediators of inflammation and secondary injury within the injured spinal cord (Liu and Xu, 2010) . Additionally, PGs and LTs contribute to alterations in neurosensory processing within the spinal cord, and are associated with pathological sensory abnormalities such as mechanical allodynia and hyperalgesia (Hains et al., 2001; Zhao et al., 2007; Buczynski et al., 2010; Noguchi and Okubo, 2011) , which are often experienced by SCI patients (Baastrup and Finnerup, 2008) . Because this pro-inflammatory signaling network contributes to diverse adverse effects after SCI, much work has been done to evaluate the therapeutic potential of inhibiting PLA 2 (Huang et al., 2009), COX enzymes (Kwon et al., 2011), and 5-LOX (Genovese et al., 2005 (Genovese et al., , 2008 for promoting recovery of function following SCI.
Whether oxidative AA metabolism occurs within the chronically injured spinal cord and indeed, whether inflammation is present in the chronic phase of injury, has not previously been investigated. We have detected elevated levels of PGs and LTs 9 months after SCI, demonstrating that pro-inflammatory signaling is present even after prolonged periods postinjury. To gain a better understanding of the global metabolic changes within the chronically injured spinal cord, we performed a metabolomic screen to identify biochemical compounds that are altered during chronic SCI. Here, we provide evidence of a pro-inflammatory and pro-oxidative environment within the chronically injured spinal cord. Additionally, we report that prolonged, oral treatment with the new-generation dual COX/5-LOX inhibitor licofelone, a drug with improved gastrointestinal tolerability compared with classical nonsteroidal anti-inflammatory drugs (Cicero and Laghi, 2007) , enhances anti-inflammatory and anti-oxidative defenses within the chronic lesion site, and reduces mechanical hypersensitivity in rats several months after SCI.
Materials and Methods

Animal subjects and surgeries
All animal use was approved by the Institute for Animal Care and Use Committee of The University of Texas Health Science Center. A total of 80 adult, female Sprague Dawley rats weighing 225-250 g were used in this study. All SCI surgeries were performed under anesthesia (ketamine, 80 mg/kg; xylazine, 10 mg/kg; and acepromazine, 0.75 mg/kg) at a dose of 0.1 ml/100 g body weight (Herrera et al., 2010) . Animals received a laminectomy at spinal cord thoracic level 10 (T10), and the vertebral column was stabilized at T9 and T11. A moderate contusion injury (150 kdyne of force with 1 s dwell) was delivered to the spinal cord at T10 using the Infinite Horizon Impactor (Precision Systems and Instrumentation), without opening the dura mater (Scheff et al., 2003; Dulin et al., 2011) . The overlying muscles were immediately sutured and the skin was closed with stainless steel wound clips. Beginning the day after SCI surgery, each animal's urinary bladder was manually expressed twice daily until the animal recovered the ability to void its bladder. As a rule, bladder care was ceased when an individual animal exhibited an empty bladder on two consecutive bladder care sessions. To minimize postsurgical pain, animals were treated twice daily for 5 d post-SCI with buprenorphine (0.02 mg/kg, s.c.). To prevent dehydration, animals also received a 3 ml bolus of 0.9% saline subcutaneously twice daily for the first 72 h after surgery. To prevent infection, animals also received antibiotics (2.5 mg/kg Baytril, i.p.) twice daily for 10 d. Animals were housed in groups of two and maintained under normal veterinary care. Chronically injured animals were housed for 8 -9 months following SCI surgery. Age-matched, uninjured rats were used as controls in all experiments.
Exclusion criteria. Injured subjects were excluded from the study if the actual force of impact to the spinal cord fell outside a range between 150 and 175 kdynes (Scheff et al., 2003) . In addition, any injured subjects receiving an impact of force within that range that exhibited a hindlimb locomotor score Ͼ2 on postinjury day 1 were also excluded (Basso et al., 1995) . Nine animals were excluded from this study based on the above criteria.
Drug treatment
Animals were treated with 50 mg/kg licofelone (Santa Cruz Biotechnology, #sc-207826, lot #J1411) suspended in 1.25 ml vehicle (1.5% carboxymethylcellulose from Sigma-Aldrich in 0.9% saline), or vehicle alone, via oral gavage. Chronically injured animals were treated beginning at 8 months post-SCI with licofelone or vehicle once daily for 28 d. Acutely injured animals were treated beginning at 3 h post-SCI with licofelone or vehicle and again at 18 h post-SCI.
ELISA
ELISA was performed for quantification of prostaglandin E2 (PGE 2 ) and leukotriene B4 (LTB 4 ) in T10 spinal cord tissue of rats at 24 h post-SCI (n ϭ 12 SCI ϩ vehicle; n ϭ 12 SCI ϩ licofelone; n ϭ 12 uninjured controls) or 9 months post-SCI (n ϭ 9 SCI; n ϭ 9 uninjured, agematched controls). Animals were killed with Beuthanasia (390 mg/ml pentobarbital sodium, 50 mg/ml phenytoin sodium; 75 mg/kg, i.p.). A 10 mm length of tissue centered around the spinal cord lesion site in injured rats, or the corresponding intact tissue in uninjured controls, was immediately harvested and weighed, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. Homogenization buffer (0.1 M phosphate, pH 7.4, 1 mM EDTA, 10 M indomethacin; 1 ml per 100 mg tissue) was added and tissue was homogenized on ice using a Polytron homogenizer. For detection of PGE 2 , an additional purification step was performed using a PGE 2 Affinity Sorbent Kit (Cayman Chemical). Levels of PGE 2 and LTB 4 in spinal cord tissue were quantified using PGE 2 and LTB 4 EIA kits (Cayman Chemical). All samples were prepared and analyzed in triplicate, and absorbance at 405 nm was read in a Model 680 Microplate Reader (Bio-Rad). Standard curves were generated and sample concentrations were determined using Cayman EIA data analysis worksheets (www. caymanchem.com/analysis/eia). Data were analyzed by Student's t test (for comparison of two groups) or one-way ANOVA followed by the Student-Newman-Keuls post test (for comparison of more than two groups).
Behavioral testing
Longitudinal behavioral assessments were performed on chronically injured animals (n ϭ 8 SCI ϩ vehicle; n ϭ 9 SCI ϩ licofelone; n ϭ 9 uninjured, age-matched controls).
Hindlimb locomotor function. Hindlimb locomotor function was assessed using the Basso, Beattie, and Bresnahan (BBB) open-field locomotor scale (Basso et al., 1995) . Before SCI surgery, animals were allowed to acclimate to the open-field testing environment (a 40 inch diameter plastic wading pool) in groups of four for 10 min daily until they ceased to exhibit fear-associated behavior (e.g., crouching, cowering away from the examiner, vocalizing) and displayed signs of comfort (e.g., grooming, accepting treats from the examiner's hand, exhibiting continuous locomotion and exploration). No further acclimation to the testing environment was performed. Preinjury testing began once the examiner felt confident that all animals were comfortable in the testing environment. BBB scores were assessed on day 1 post-SCI, then weekly beginning at 8 months post-SCI (before the beginning of drug treatment) until day 28 of treatment. Animals were placed into the open field and allowed to move ad libitum for a period of 4 min. Two independent observers scored each hindlimb using a scoring sheet. Hindlimb BBB scores were rated using the 21 point BBB Open-Field Rating Scale, and inter-rater reliability was confirmed. For each animal, the locomotor scores for both hindpaws were averaged to produce one score per test session. BBB scores were analyzed using a two-way repeated-measures ANOVA (factors: experimental groups and time points with repeated measures on the second factor), followed by a Bonferroni post-test.
Mechanical hypersensitivity. Mechanical hypersensitivity was defined as a decreased withdrawal threshold when the hindpaw was presented with a series of calibrated von Frey monofilaments (Stoelting), consistent with previous studies (Chaplan et al., 1994) . Animals were habituated to the testing environment for 15 min per day, on 3 consecutive days before beginning testing. A series of filaments delivering calibrated amounts of force (ranging from 2 to 15 g) were applied using the Dixon "up-down" method, and 50% mechanical withdrawal threshold was determined as previously described (Dixon, 1991; Chaplan et al., 1994) . Differences in individual animals' pretreatment and post-treatment mechanical sensitivity scores were analyzed using a paired Student's t test; effectiveness of pairing was determined by calculating the Pearson correlation coefficient (r).
Thermal hypersensitivity. Thermal hypersensitivity was defined as a reduction in paw withdrawal latency in response to the radiant heat stimulus, as previously described (Hargreaves et al., 1988; . Thermal sensitivity of animals' hindpaws was examined using a modified Hargreaves test (Hargreaves et al., 1988; ). Animals were placed on the modified Hargreaves platform, a glass surface maintained at a constant surface temperature of 32°C, within foursided Plexiglas enclosures. Animals were allowed to acclimate to the device daily for 1 week before testing and for 30 min before each test session. Testing was performed at 8 months post-SCI (before the begin-ning of drug treatment) and again on day 28 of treatment. Using a 336G Plantar Analgesia Meter (IITC Life Science), radiant heat of a constant intensity (45% active intensity) was focused on the center of the plantar surface of each hindpaw. The withdrawal latency was defined as the time from stimulus initiation until an abrupt paw withdrawal response, and 20 s was used as an automatic cutoff time to avoid tissue damage. For each hindpaw, three measurements were taken with a minimum of 10 min between each measurement. Thermal latency scores were analyzed by finding the mean for the three pretreatment tests and the mean for the three post-treatment tests, from each hindpaw; mean scores from the two hindpaws were averaged for each animal. The overall effect of treatment on individual animals' pretreatment and post-treatment mechanical sensitivity scores was analyzed using a paired Student's t test; effectiveness of pairing was determined by calculating the Pearson correlation coefficient (r).
Metabolomic profiling
The same animals used in behavioral assessments were used for metabolomic profiling. Six hours following the final drug treatment, animals were killed and tissue was immediately harvested and snap-frozen. A 10 mm segment of spinal cord tissue with the lesion site at its center was used for metabolomic analysis. Metabolomic profiling analysis was performed as previously described (Reitman et al., 2011) .
Sample accessioning. Each sample received was accessioned into the Metabolon Laboratory Information Management System (LIMS) and was assigned by the LIMS a unique identifier that was associated with the original source identifier only. This identifier was used to track all sample handling, tasks, results, etc. The samples (and all derived aliquots) were tracked by the LIMS. All portions of any sample were automatically assigned their own unique identifiers by the LIMS when a new task was created; the relationship of these samples was also tracked. All samples were maintained at Ϫ80°C until processed.
Sample preparation. Samples were prepared using the automated Microlab STAR system (Hamilton Robotics). A recovery standard was added before the first step in the extraction process for quality control (QC). Sample preparation was conducted using an aqueous methanol extraction process to remove the protein fraction while allowing maximum recovery of small molecules. The resulting extract was divided into four fractions: one for analysis by ultra performance liquid chromatography tandem mass spectrometry (UPLC/MS/MS) (positive mode), one for UPLC/MS/MS (negative mode), one for gas chromatography/mass spectrometry (GC/MS), and one for backup. Samples were placed briefly on a TurboVap concentration evaporator (Zymark) to remove the organic solvent. Each sample was then frozen and dried under vacuum. Samples were then prepared for the appropriate instrument, either UPLC/MS/MS or GC/MS.
UPLC/MS/MS. The LC/MS portion of the platform was based on a Waters ACQUITY UPLC system and a Thermo Finnigan linear trap quadrupole mass spectrometer, which consisted of an electrospray ionization source and linear ion-trap mass analyzer. The sample extract was dried then reconstituted in acidic or basic LC-compatible solvents, each of which contained eight or more injection standards at fixed concentrations to ensure injection and chromatographic consistency. One aliquot was analyzed using acidic-positive ion-optimized conditions and the other using basic negative ion-optimized conditions in two independent injections using separate dedicated columns. Extracts reconstituted in acidic conditions were gradient eluted using water and methanol containing 0.1% formic acid, while the basic extracts, which also used water/ methanol, contained 6.5 mM ammonium bicarbonate. The MS analysis alternated between MS and data-dependent MS2 scans using dynamic exclusion. Raw data files were archived and extracted as described below.
GC/MS. The samples destined for GC/MS analysis were re-dried under vacuum desiccation for a minimum of 24 h before being derivatized under dried nitrogen using bis trimethyl-silyl-triflouroacetamide. The GC column was 5% phenyl and the temperature ramp was from 40 to 300°C in a 16 min period. Samples were analyzed on a Thermo Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using electron impact ionization. The instrument was tuned and calibrated for mass resolution and mass accuracy on a daily basis. The information output from the raw data files was automatically extracted as discussed below.
Quality assurance/QC. For QC purposes, additional samples were included with each day's analysis. These samples included extracts of a pool of well characterized human plasma, extracts of a pool created from a small aliquot of the experimental samples, and process blanks. QC samples were spaced evenly among the injections and all experimental samples were randomly distributed throughout the run. A selection of QC compounds was added to every sample for chromatographic alignment, including experimental samples. These compounds were carefully chosen so as not to interfere with the measurement of the endogenous compounds. A data normalization step was performed to correct variation resulting from instrument interday tuning differences. Each compound was corrected in run-day blocks by registering the median concentration values across all samples to equal one (1.00) and normalizing each data point proportionately (termed the "block correction").
Data extraction and compound identification. Raw data were extracted, peak-identified, and QC processed using Metabolon's hardware and software. These systems are built on a Web-service platform using Microsoft's .NET technologies, which run on high-performance application servers and fiber-channel storage arrays in clusters to provide active failover and load-balancing (Dehaven et al., 2010) . Compounds were identified by comparison to library entries of purified standards or recurrent unknown entities. Metabolon maintains a library based on authenticated standards containing the retention time/index (RI), mass to charge ratio (m/z), and chromatographic data (including MS/MS spectral data) of all molecules present in the library. Furthermore, biochemical identifications are based on three criteria: RI within a narrow RI window of the proposed identification, nominal mass match to the library Ϯ 0.2 amu, and the MS/MS forward and reverse scores between the experimental data and authentic standards. The MS/MS scores are based on a comparison of the ions present in the experimental spectrum to the ions present in the library spectrum. While there may be similarities between these molecules based on one of these factors, the use of all three data points can be used to distinguish and differentiate biochemicals. At the time of compound identification, Ͼ2400 commercially available, purified standard compounds have been acquired and registered into LIMS for distribution to both the LC and GC platforms for determination of their analytical characteristics. Human Metabolome Database (HMDB) identifiers for detected and identified compounds are listed in Tables 1 and 2 (www.hmdb.ca) (Wishart et al., 2009) . Compounds without HMDB IDs were not listed in the HMDB at the time of this screen.
Statistical analysis. Missing values (if any) were assumed to be below the level of detection. However, biochemicals detected in all samples from one or more groups but not in samples from other groups were assumed to be near the lower limit of detection in the groups in which they were not detected. In this case, the lowest detected level of these biochemicals was imputed for samples in which that biochemical was not detected. Following log2 transformation and imputation with minimum observed values for each compound, Welch's two-sample t test was used to identify biochemicals that differed significantly between experimental groups. An estimate of the false discovery rate (q value) was calculated to take into account the multiple comparisons that normally occur in metabolomic-based studies (Storey and Tibshirani, 2003) ; as q values were reasonable for p Յ 0.05, no q value cutoff was established for this study. Outliers were defined as 1.5* (interquartile range) and removed from analyses. Heat maps of metabolomic data were generated using the open-source software package MultiExperiment Viewer version 4.7.3, part of the TM4 Microarray Software Suite (Dana-Farber Cancer Institute; www.tm4.org/mev/) (Saeed et al., 2006) . Scaled, imputed log2-transformed data were used to generate heat maps and to perform clustering analysis. Pearson distances (1 Ϫ r, where r is the Pearson correlation coefficient) were used as the pairwise distance between individual replicates for hierarchical clustering by biochemical. Pathways were assigned for each metabolite, allowing examination of overrepresented pathways. Network analysis was performed using Ingenuity IPA (Ingenuity Systems; www.ingenuity.com); the statistical likelihood of association between a set of metabolites in the dataset and a related 
Statistical analysis
All data except metabolomics data were analyzed using SigmaPlot 11 (Systat Software). For all behavioral assessments, post-treatment scores were compared with pretreatment scores on an individual, animal-byanimal basis. Values of p Ͻ 0.05 were considered significant. All group data are presented as mean Ϯ SEM.
Results
Chronically injured spinal cord tissue contains elevated levels of PGs and LTs
The PGs and LTs are potent pro-inflammatory mediators that contribute to SCI pathophysiology in the acute phase of injury (Sharma et al., 1993; Genovese et al., 2008; Saiwai et al., 2010), but whether they are present in the chronic phase of injury has not previously been investigated. We performed ELISA to detect presence of the major AA-derived mediators, PGE 2 and LTB 4 , within the spinal cord lesion site of rats 9 months post-SCI. PGE 2 was undetectable in uninjured, age-matched controls but significantly elevated in the lesion site of chronically injured animals (87.1 Ϯ 4.91 pg/ml, p Ͻ 0.001; Fig. 1A) . Likewise, LTB 4 was undetectable in controls but significantly elevated within chronic SCI tissue (10.6 Ϯ 1.67 pg/ml, p Յ 0.001, Fig. 1B ).
Metabolomic profiling reveals alterations in several metabolic pathways within the chronic spinal cord lesion site
Metabolomics is an analytical method for the identification and quantification of endogenous biochemical compounds within biological samples; it is a useful tool to identify biomarkers and/or metabolic pathways associated with disease or drug treatment (Baker, 2011). To characterize metabolic alterations in the chronic phase of SCI, we performed metabolomic screens on injured spinal cord tissue of vehicle-treated rats 9 months postinjury as well as uninjured, age-matched control rats; 257 named metabolite compounds were detected and identified across all samples. Of these, 126 compounds were significantly ( p Յ 0.05) or near significantly (0.05 Ͻ p Յ 0.10) increased or decreased in chronic SCI (Table 1) . These metabolites belonged to diverse molecular classes such as amino acids, carbohydrates, cofactors and vitamins, nucleotides, and lipids. Hierarchical clustering analysis revealed multiple groups of biochemicals that clustered together in chronic SCI samples (Fig. 2) . For example, we detected one cluster of glycolytic intermediates that exhibited strong, correlative increases with SCI (Fig. 2 , r ϭ 0.88, p Ͻ 0.05). We also observed two large clusters of downregulated lipid metabolites that were decreased in the SCI group (Fig. 2 , r ϭ 0.72, p Ͻ 0.05; Fig. 2 , r ϭ 0.53, p Ͻ 0.05). Network analysis generated a list of predicted biological functions and/or cellular processes that are likely to be associated with the chronic SCI group based on the metabolic alterations in our dataset; these included lipid peroxidation ( p Ͻ 0.001), synthesis and release of eicosanoid ( p Ͻ 0.001), mitochondrial dysfunction ( p Ͻ 0.001), damage of brain tissue ( p Ͻ 0.001), and neurodegeneration ( p ϭ 0.003). A closer appraisal of the metabolites with increased expression in chronic SCI revealed that several were strong indicators of oxidative stress (Fig. 2, pink lettering) . These included oxidized glutathione (ϩ3.19-fold, p Ͻ 0.001), cysteine-glutathione disulfide (ϩ2.27-fold, p Ͻ 0.001), dehydroascorbate (ϩ1.86-fold, p Ͻ 0.05), and 13-and 9-hydroxyoctadecadienoic acid (ϩ1.93-fold, p Ͻ 0.05; Fig. 3A ). These metabolites are major indicators of reactive oxygen species (ROS)-induced cellular damage (Eriksson and Eriksson, 1967; Schafer and Buettner, 2001; Foyer and Noctor, 2011) and lipid peroxidation (Yoshida et al., 2005) . Additionally, levels of several anti-oxidant and anti-inflammatory metabolites were significantly depleted in chronically injured tissue (Fig. 2, green lettering) . For example, SCI samples contained decreased levels of the antioxidant ␣-tocopherol (Ϫ1.43-fold, p Ͻ 0.05; Fig. 3B ), which protects the CNS against pathological lipid peroxidation (Adibhatla and Hatcher, 2010) . Levels of the anti-inflammatory endocannabinoids palmitoyl ethanolamide (Ϫ2.22-fold, p Ͻ 0.001) and oleic ethanolamide (Ϫ1.96-fold, p Ͻ 0.001) were significantly decreased in chronic SCI. Also decreased was the compound 24(S)-hydroxycholesterol (24-OHChol) (Ϫ1.85-fold, p Ͻ 0.05, Fig. 3B ). 24-OH-Chol induces activation of genes through the liver X nuclear receptor (LXR) (Cartagena et al., 2008) , which is both anti-inflammatory and neuroprotective (Morales et al., 2008; Cheng et al., 2010) .
Licofelone enhances levels of endogenous anti-oxidative and anti-inflammatory metabolites in the chronically injured spinal cord
We have demonstrated that levels of PGE 2 and LTB 4 (Fig. 1) , as well as other biochemical markers of inflammation and oxidative stress (Table 1, Fig. 3 ), are elevated in the chronic spinal cord lesion site. Licofelone is a dual COX/5-LOX inhibitor that possesses potent anti-inflammatory properties (Singh et al., 2005 (Singh et al., , 2006 Wu et al., 2012) . We therefore examined the ability of licofelone treatment to combat inflammation and oxidative stress in the chronically injured spinal cord.
We assessed whether licofelone could attenuate production of PGs and LTs within the injured spinal cord. Animals were treated orally with either vehicle or licofelone, once at 3 h post-SCI and again at 18 h post-SCI, and levels of PGE 2 and LTB 4 in the lesion site were quantified by ELISA at 24 h post-SCI. We detected a significant increase in PGE 2 levels at 24 h post-SCI (uninjured ϭ 43.2 Ϯ 4.67 pg/ml, n ϭ 6; SCI ϩ vehicle ϭ 405 Ϯ 47.4 pg/ml, n ϭ 6; p Ͻ 0.001). Notably, this SCI-induced increase was completely abolished by licofelone treatment (SCI ϩ licofelone ϭ 16.9 Ϯ 6.87 pg/ml, n ϭ 6; p Ͻ 0.001 versus injured, vehicle-treated). However, we failed to detect LTB 4 either at 24 h post-SCI (n ϭ 12) or in uninjured controls (n ϭ 6), likely due to the sensitivity of our assay. Thus, we were unable to evaluate the effect of licofelone on LT production within the injured spinal cord.
We next assessed the effects of prolonged licofelone treatment on the metabolomic profile of the chronically injured spinal cord. We performed a metabolomic screen on T10 spinal cord tissue from animals treated with oral licofelone for 1 month, beginning at 8 months post-SCI. Of the 257 metabolites detected and identified across all experimental groups, 26 compounds were either increased or decreased in spinal cord tissue of animals treated with licofelone, compared with vehicle-treated animals ( Table 2 ). Network analysis indicated that biological functions likely to be altered included re-esterification of lipid ( p Ͻ 0.001), uptake of amino acids ( p Ͻ 0.001), synthesis of cholesterol ( p Ͻ 0.001), and efflux of cholesterol ( p Ͻ 0.001). Hierarchical clustering revealed clusters of biochemicals, primarily lipids and carbohydrates, increased by licofelone treatment (Fig. 4A) . These included several anti-inflammatory and anti-oxidative compounds, including 15-hydroxyeicosatetraenoic acid (15-HETE, ϩ1.42-fold, p Ͻ 0.05), 24-OH-Chol (ϩ1.25-fold, p Ͻ 0.05), chiro-inositol (ϩ1.51-fold, p Ͻ 0.05), inositol 1-phosphate (ϩ1.22-fold, p Ͻ 0.05), and homocarnosine (ϩ1.14-fold, p Ͻ 0.05, Fig. 4B) . Interestingly, the only metabolite that decreased with licofelone treatment (Ϫ2.44-fold, p ϭ 0.062) was the pro-inflammatory bile acid taurocholate (Table 2 , Fig. 4A ).
Licofelone reduces mechanical hypersensitivity in rats with chronic SCI Inflammation is a known modulator of neurosensory function in the acute phase of SCI (Zhao et al., 2007) ; however, it is not known whether chronic neurosensory alterations are modulated by inflammation. Because we have detected elevated levels of PGE 2 , LTB 4 , and other biomarkers of inflammation in the chronic phase of injury, we hypothesized that treatment with licofelone would attenuate neurosensory alterations modulated by inflammation in chronic SCI.
Nesic et al. (2005) have demonstrated that rats up to 9 months following SCI exhibit mechanical hypersensitivity of the hind- Figure 1 . Levels of PGs and LTs are elevated in the lesion site of spinal cords 9 months following SCI. PGE 2 levels (A, n ϭ 3 per group) and LTB 4 levels (B, n ϭ 6 per group) in T10 spinal cord segments of age-matched, uninjured controls (undetectable) and rats 9 months post-SCI (black bars). *p Ͻ 0.001, Student's t test. All data are mean Ϯ SEM.
paws. We used von Frey hair testing to assess mechanical sensitivity of hindpaws in chronically injured (8 months post-SCI) rats (Fig. 5) . Average pretreatment withdrawal thresholds were 5.33 Ϯ 0.94 g for vehicle-treated animals, and 4.09 Ϯ 1.46 g for licofelone-treated animals. Group mean withdrawal scores of injured animals were lower than that of uninjured, age-matched controls (7.59 Ϯ 1.01 g), confirming the presence of mechanical hypersensitivity in these chronically injured animals. Because we observed a considerable extent of interanimal variability in mechanical withdrawal thresholds, we did not compare group means in our analysis; rather, we examined the effects of licofelone on mechanical sensitivity by comparing pretreatment scores to post-treatment scores of individual animals. On the last day of the 28 d treatment period, hindlimb withdrawal thresholds of the licofelone-treated group were significantly increased compared with pretreatment measurements (6.27 Ϯ 1.43 g, p Ͻ 0.001, r ϭ 0.955), but there was no significant change in scores of vehicletreated animals (5.02 Ϯ 1.09 g, p ϭ 0.561, r ϭ 0.884), indicating that licofelone attenuated mechanical sensitivity in chronically injured animals. To assess whether licofelone treatment could also modulate thermal sensitivity, we measured hindpaw withdrawal latency from a thermal stimulus. At 8 months post-SCI, withdrawal latency was lower in injured rats (SCI ϩ V ϭ 4.50 Ϯ 0.20 s; SCI ϩ L ϭ 4.26 Ϯ 0.35 s) than in uninjured, age-matched animals (Uninjured ϭ 5.79 Ϯ 0.48 s) indicating that chronically injured rats were hypersensitive to thermal stimulation (Fig. 6) . On day 28 of treatment, there was no significant difference from pretreatment values in vehicle-treated rats (4.78 Ϯ 0.30 s, p ϭ 0.540, r ϭ Ϫ0.462) or licofelone-treated rats (4.87 Ϯ 0.44 s, p ϭ 0.431, r ϭ Ϫ0.598). Thus, licofelone treatment did not affect thermal sensitivity of hindpaws in chronically injured rats.
To assess whether licofelone treatment enhanced hindlimb locomotor function, BBB testing was performed weekly throughout the treatment period. We observed no significant difference in BBB scores between SCI groups at any point during treatment; furthermore, neither group experienced any change in BBB scores over time (Fig. 7) . Thus, extended licofelone treatment did not affect hindlimb locomotor function of chronically injured animals.
Discussion
We have provided novel evidence of pro-inflammatory AA metabolism and oxidative stress within the chronically injured spinal cord. The presence of LTB 4 and PGE 2 strongly indicates that the inflammatory response is not confined to the earlier, acute phase of SCI, but that neuroinflammation is also present in the chronic phase. Furthermore, using metabolomic profiling, we have shown elevations in oxidative stress markers and depletion of endogenous anti-oxidative and anti-inflammatory compounds within chronically injured tissue. These are significant findings, due to the existing deficiency in knowledge of the molecular environment within the chronically injured spinal cord. Our observations may challenge our understanding of the pathological mechanisms that shape the myriad adverse conditions, including pathologically altered neurosensory function, associated with the chronic phase of SCI (Finnerup et al., 2001) . This is the first study using metabolomic profiling of chronically injured spinal cord tissue. Metabolomics is a relatively new "omics" modality for identification and quantification of biochemical compounds that are universal among organisms, unlike transcripts or proteins. Metabolomic screens are powerful tools to identify biomarkers of disease and/or drug treatment, as the metabolome is a rapid, sensitive indicator of perturbations in the environment (Kaddurah-Daouk et al., 2008) . Metabolomics data can be integrated with existing transcriptomics and proteomics datasets for a more comprehensive understanding of complex biological systems (Dunn et al., 2011) . However, compound identification in MS-based metabolite detection can be obfuscated by limitations in spatial peak resolution. Furthermore, metabolite databases are not currently comprehensive, and chemical standards for identification are in many cases unavailable (Dunn et al., 2011) ; hence, metabolomics remains an emerging technique and is not yet a fully comprehensive analytical tool. Fujieda et al. (2012) recently published metabolomic profiles of spinal cord tissue from 2 to 30 d following thoracic spinal contusion injury. Comparison of this study with our results reveals a number of metabolic differences between 1 and 9 months postinjury. Interestingly, they reported an increase in PGE 2 levels (vs shams) at 2 d post-SCI that disappeared by 30 d; in light of the dramatic increases in PGE 2 that we have detected by ELISA at both 24 h and 9 months, this may indicate that PG synthesis is a dynamic, multiphasic process that peaks early after injury and undergoes a secondary increase in the chronic phase. (PGE 2 was not among the metabolites identified in our metabolomics screen, perhaps due to differences in detection sensitivity between the studies.) Fujieda et al. (2012) also detected significantly increased levels of anti-oxidant compounds (ascorbate and ␣-tocopherol) and anti-inflammatory endocannabinoids (oleicand palmitoyl ethanolamide) 30 d post-SCI, all of which were decreased in our study; this may indicate improved anti-oxidant/ anti-inflammatory defenses in the earlier weeks post-SCI that diminish with time. Curiously, injury-associated changes in neurotransmitter levels at 30 d post-SCI (glutamate, Ϫ1.15-fold; N-acetyl-aspartyl-glutamate, Ϫ1.35-fold; GABA, Ϫ1.28-fold; aspartate, Ϫ1.10-fold; and N-acetylaspartate, Ϫ1.85-fold) closely mirror our own observations, suggesting that unlike other pathways, neurotransmitter biosynthesis remains relatively stable as the injury becomes more chronic. Though the injury models differed slightly, comparison of these two datasets suggests that activity of several metabolic pathways may evolve and change over time; if this is true, one month post-SCI does not necessarily represent a "plateau" phase, as the authors of the Fujieda study suggest.
Compared with previous transcriptional profiling studies, our study provides a new layer of insight into the biochemical alterations in chronic SCI. There is upregulation of genes associated with oxidative stress (metallothioneins I and II) and inflammation (IL-6, IL-1␤, and TGF-␤) at 5 weeks post-SCI (Aimone et al., 2004) . At 1-3 months post-SCI, expression of glutathione peroxidase and glutathione S-transferase is increased, suggesting heightened degradation and metabolism of ROS (Velardo et al., 2004) . Additionally, Byrnes et al. (2011) recently reported increased expression and activity of NADPH oxidase in spinal microglia/macrophages 6 months postinjury. We have expanded on Figure 3 . Biochemical markers of oxidative stress and inflammation in the chronically injured spinal cord. Box plots illustrate changes in abundance of select metabolites in spinal cord tissue of uninjured, age-matched controls (white, n ϭ 9) and chronically injured animals (gray, n ϭ 8). For each metabolite, concentration values have been rescaled so that samples across all groups have a median value equal to 1. Box legend: horizontal bar inside box represents group median; upper and lower box boundaries represent 75th percentile and 25th percentile, respectively; upper and lower whiskers represent maximum and minimum of distribution; open circles represent extreme data points. A, Several metabolites significantly increased in chronic SCI spinal cords are associated with oxidative stress. B, Levels of anti-inflammatory and antioxidative metabolites are decreased in chronic SCI tissue. *p Ͻ 0.05, Welch's two-sample t test. 13-ϩ 9-HODE, 13-and 9-hydroxyoctadecadienoic acid; 24-OH-Chol, 24(S)-hydroxycholesterol; ␣-Toco, ␣-tocopherol; Cys-S-SG, cysteine-glutathione disulfide; DHA, dehydroascorbate; GSSG, oxidized glutathione; OEA, oleic ethanolamide; PEA, palmitoyl ethanolamide.
this limited body of knowledge by showing chronic alterations in multiple pathways associated with oxidative stress, inflammation, and lipid peroxidation. These results demonstrate an ongoing, dynamic inflammatory response in the injured spinal cord, suggesting that the functional consequences of neuroinflammation may extend further into the chronic phase of injury than previously thought. The possible contributions of sustained inflammatory and pro-oxidative signaling pathways to long-term deficits associated with chronic SCI may be of great biological and clinical significance.
We have focused this report on oxidative stress and inflammation; however, our metabolomics data reveals chronic alterations in multiple biological pathways, e.g., glycolysis, neurotransmission, cholesterol metabolism, and amino acid biosynthesis. One particularly striking finding is that a large number of lipid metabolites are decreased in chronic SCI. In this environment of enhanced inflammation and oxidative stress, we speculate that a decreased ability to replenish endogenous lipids may further diminish the spinal cord's ability to undergo repair and/or regeneration, negatively affecting such key issues as cell membrane integrity, myelination/remyelination, and neuronal plasticity, to name only a few. Our metabolomics data may provide important insights for future studies of chronic pathological mechanisms and reveal new therapeutic targets for treatment of chronic SCI. Furthermore, integration of our dataset with other "omics" studies at different time points after injury will allow us to develop a greater understanding of how pathologically altered pathways evolve as spinal cord injuries become more chronic. Because we have observed elevated levels of PGE 2 and LTB 4 in the chronic lesion site, we assessed whether treating chronically injured rats with the COX/5-LOX inhibitor licofelone (Cicero and Laghi, 2007) could attenuate neuroinflammation. Though licofelone completely abolished the spike in PGE 2 production 24 h post-SCI, we failed to detect LTB 4 at this time point. This is likely not due to a lack of LTB 4 in the spinal cord, because Xu et al. (1990) have reported elevated LTB 4 levels 24 h post-SCI. However, their methods of LTB 4 purification and quantification by HPLC were likely more sensitive than the ELISA used here. The effect of licofelone treatment on spinal cord LTB 4 production is currently being investigated further in our laboratory. Regardless, our metabolomics data show that licofelone treatment upregulates endogenous anti-inflammatory/anti-oxidative compounds within the chronically injured spinal cord. The precise mechanism by which this occurs is unclear, as AA metabolism is a complex cascade with a plethora of molecular targets. Based on the broad range of metabolic pathways affected, it is possible that licofelone may activate a "master regulator" of the antioxidant response such as Nrf2, which induces transcription of multiple protective anti-oxidant genes (Nguyen et al., 2009) . Characterizing the molecular targets of licofelone will require more mechanistic investigations.
The animals in our study exhibited hypersensitivity of the hindpaws to mechanical stimulation, consistent with other chronic studies (Nesic et al., 2005) . Licofelone attenuated mechanical, but not thermal, hypersensitivity, suggesting that licofelone specifically modulates mechanisms unique to processing of mechanical stimuli (Caterina et al., 2000) . How this occurs is an important topic for future investigation. We have detected neurons within gray matter adjacent to the border of the lesion cavity in chronically injured animals (n ϭ 3, unpublished data). Thus, it is possible that licofelone may attenuate mechanical sensitivity via direct modulation of metabolites in the lesion site and their effects on lesion site neurons. It is also possible that licofelone may act via mechanisms remote from the site of injury. For example, LTs (Okubo et al., 2010) and PGs (Lin et al., 2006) have been shown to modulate mechanical sensitivity at the level of the dorsal root ganglia (DRG). DRG neurons exhibit chronic SCIassociated alterations associated with mechanical sensitivity (Bedi et al., 2010) ; hence, it is possible that licofelone may attenuate hypersensitivity via an attenuation of PGs/LTs in DRG neurons. Alternatively, licofelone might modulate sensory processing in spinal cord regions remote from the epicenter of injury. Previous work has demonstrated a strong link between below-level PGE 2 -dependent microglial activation and increased sensitivity to mechanical stimuli (Hains et al., 2003; Hains and Waxman, 2006; Zhao et al., 2007) . Thus, inhibition of PGE 2 production by licofelone might serve to reduce below-level hyperexcitability. Further investigation will certainly be necessary to understand the effects of licofelone treatment on both peripheral and central components following SCI.
Chronic neuropathic pain plagues a large percentage of SCI patients (Baastrup and Finnerup, 2008) . We have observed a pathological sensory alteration that might be attributable to pain. However, we have only performed limited neurosensory assessments and thus cannot make claims about the effect of licofelone on allodynia or other measures of pain. Previous studies have demonstrated that the PGs (Zhao et al., 2007) and LTs (Noguchi and Okubo, 2011) modulate spinally mediated mechanisms of neuropathic pain. We demonstrated that licofelone reduces PGE 2 levels and attenuates mechanical hypersensitivity in chronic SCI; however, further studies are needed to evaluate whether these relate to SCI-associated pain.
In summary, we have shown that inflammation and oxidative stress persist within the injured spinal cord long after the initial insult, that inflammation modulates sensory processing in this chronic phase of injury, and that mechanical hypersensitivity can be attenuated with anti-inflammatory therapy. This study provides valuable new information about the chronically injured spinal cord that may help to illuminate the molecular mechanisms of sensory alterations experienced by patients with chronic injuries. Licofelone does not affect hindlimb locomotor function in chronic SCI rats. BBB hindlimb locomotor scores beginning at 8 months post-SCI, before treatment (Pre) and weekly throughout the treatment period. Uninjured, uninjured, age-matched controls (n ϭ 9); SCI ϩ V, chronic SCI, vehicle-treated (n ϭ 8); SCI ϩ L, chronic SCI, licofelone-treated (n ϭ 9). All data are mean Ϯ SEM.
